to evaluate changes in peripapillary microvascular parameters in diabetes mellitus (DM) patients using optical coherence tomography angiography (OCTA). Seventy-one diabetic patients (40 in the no diabetic retinopathy [DR] group and 31 in the non-proliferative DR [NPDR] group) and 50 control subjects. OCTA (Zeiss HD-OCT 5000 with AngioPlex) 6 × 6 mm scans centered on the optic disc were analyzed. Peripapillary vessel density (VD), perfusion density (PD) in superficial capillary plexus (SCP) were automatically calculated. The average macular ganglion cell-inner plexiform layer (mGC-IPL) and peripapillary retinal nerve fiber layer (pRNFL) thicknesses of the no DR and NPDR groups were significantly thinner than those of the control group. The no DR and NPDR groups showed lower peripapillary VD and pD in Scp compared with the control group. Using univariate regression analyses, the average mGC-IPL thickness, the pRNFL thickness, the no DR group and NPDR group were significant factors that affected the peripapillary VD and PD in SCP. Multivariate regression analyses showed that the grade of DR was a significant factor affecting the peripapillary VD and PD in Scp. octA revealed that peripapillary microvascular parameters in the no DR and npDR groups were lower than those of normal controls. The peripapillary VD and PD in SCP were correlated with the mGC-IPL thickness, the pRNFL thickness, and the no DR and NPDR groups. Changes in peripapillary OCTA parameters may help with understanding the pathophysiology of DM and evaluating a potentially valuable biomarker for patients with subclinical DR.
Results patient characteristics.
A total of 71 diabetic patients (40 in the no DR group and 31 in the NPDR group) and 50 control subjects were enrolled. The mean ages of the control, no DR, and NPDR groups were 56.8 ± 9.1, 58.7 ± 9.5, and 59.0 ± 12.3 years, respectively, and no significant difference in age was found among the three groups. There were significant differences in the duration of diabetes and HbA1C between the no DR and NPDR groups (6.2 ± 6.4 vs 14.0 ± 9.5 years, p < 0.001; 6.82 ± 0.98 vs 8.03 ± 1.19%, p < 0.001, respectively). There was no significant difference among the three groups in sex, laterality, BCVA, SE, IOP, AL, and SS of OCTA images (Table 1 ). oct measurements. The CMT did not show a statistically significant difference among the three groups (p = 0.234). The average mGC-IPL thicknesses of the no DR (81.4 ± 4.8 µm) and NPDR (80.0 ± 6.5 µm) groups were significantly thinner than those of the control group (85.3 ± 4.8 µm, p < 0.001). The average pRNFL thicknesses of the no DR (92.8 ± 5.9 µm) and NPDR (90.0 ± 8.2 µm) groups were also significantly thinner than those of the control group (97.5 ± 8.2 µm, p < 0.001). The pRNFL thickness of the inferior quadrant was significantly thinner in the no DR and NPDR groups than those of the control group (p = 0.001) ( Table 2) . peripapillary octA measurements. The mean values ± standard deviation of OCTA measurements among the three groups are presented in Table 3 (VD) and Table 4 (PD). The average peripapillary VD and PD in superficial capillary plexus (SCP) of the inner ring, outer ring, and peripapillary area were significantly different among the three groups (all, p < 0.05). The no DR and NPDR groups showed a lower peripapillary VD and PD compared with the control group. The peripapillary VD of all sectors of the outer ring were lower in the NPDR group compared with the control group. The temporal quadrant of the inner ring and the nasal, inferior, temporal quadrants of the outer ring showed a lower peripapillary PD compared with the control group.
The Jonckheere-Terpstra test showed significant negative trends in the order of the control, no DR, and NPDR groups of the peripapillary area VD and PD (Jonckheere-Terpstra [J-T] statistic = −5.737, p < 0.001; J-T statistic = −5.318, p < 0.001, respectively) ( Fig. 1 ).
Association of clinical and peripapillary OCTA parameters with pRNFL thickness. In diabetic patients, the duration of diabetes (r = −0.323, p = 0.006), average mGC-IPL thickness (r = 0.468, p < 0.001), peripapillary VD (r = 0.343, p = 0.003), and PD (r = 0.298, p = 0.012) in the peripapillary areas were significantly correlated with pRNFL thicknesses. The average mGC-IPL thickness, and peripapillary VD and PD were positively correlated, and the duration of diabetes was negatively correlated with pRNFL thicknesses (Fig. 2 ). However, age, female sex, BCVA, SE, IOP, AL, and CMT were not correlated with the average peripapillary VD and PD. In the control group, the pRNFL thickness was not correlated with clinical and peripapillary OCTA parameters.
Linear regression analysis for determine factors associated with peripapillary OCTA parameters. Using univariate regression analysis, the average mGC-IPL thickness (β = 0.040, p < 0.001) and average pRNFL thickness (β = 0.032, p < 0.001) of the no DR (β = −0.434, p < 0.001) and NPDR groups (β = −0.847, p < 0.001) were significant factors, which affected the peripapillary VD. Multivariate regression analysis showed that the no DR and NPDR groups were significant factors affecting the peripapillary VD (no DR: β = −0.325, p = 0.020; NPDR: β = −0.681, p < 0.001) ( Table 5 ).
Using univariate regression analysis, the average mGC-IPL thickness (β = 0.001, p = 0.004) and average pRNFL thickness (β = 0.001, p = 0.001) of the no DR (β = −0.011, p = 0.001) and NPDR groups (β = −0.021, p < 0.001) were significant factors, which affected the peripapillary PD. Multivariate regression analysis showed that the no DR and NPDR groups were significant factors affecting the peripapillary PD (no DR: β = −0.009, p = 0.015; NPDR: β = −0.018, p < 0.001) ( Table 6 ).
Discussion
We studied peripapillary microvascular changes in diabetic patients using OCTA. Our study showed mGC-IPL and pRNFL thinning in patients with diabetes compared with normal control subjects. The peripapillary VD and PD in SCP were also lower in the no DR and NPDR groups than in the control group. The average pRNFL and mGC-IPL thicknesses, in the no DR and NPDR groups were also correlated with both peripapillary VD and PD in SCP.
Early changes in DR occur through the loss of endothelial cells or pericytes in small vessels 12, 13 . However, DR is clinically diagnosed by observing microaneurysm using funduscopy. Preclinical DR may therefore be accompanied by additional vascular abnormalities of the capillaries before the occurrence of microaneurysm. RDN may occur clinically before retinal microvascular abnormality is observed. These changes are accompanied by neural apoptosis and ganglion cell loss, which can be observed as thinning of the inner retina layer, including the mGC-IPL and pRNFL, using SD-OCT 8, 14 . In our study, mGC-IPL and pRNFL thinning were observed in the no DR and NPDR groups, when compared with control subjects, which was consistent with previous studies. Therefore, our findings in diabetic patients with no DR may reflect the discrepancies between the clinical DR grading and changes of anatomical structures of the inner retina, as shown by OCT.
Microvascular perfusion of the optic disc can be studied using recently developed OCTA. The peripapillary perfusion in glaucoma patients is reduced, suggesting that the optic nerve head (ONH) vascular dysfunction may be associated with glaucoma pathogenesis 15, 16 . Blood flow of the ONH is supplied by the posterior ciliary artery Table 3 . Comparison of superficial peripapillary vessel density among groups. DR = diabetic retinopathy, NPDR = nonproliferative diabetic retinopathy. Values are presented as mean ± standard deviation. * The p-value was obtained using one-way analysis of variance. † The p-value was obtained using post hoc tests (Bonferroni) between the normal control group and the no DR group. ‡ The p-value was obtained using post hoc tests (Bonferroni) between the normal control group and the NPDR group. § The p-value was obtained using post hoc tests (Bonferroni) between no DR group and NPDR group.
and central retinal artery. The radial peripapillary capillary (RPC) is the most superficial layer of the capillary network, supplying blood to the superficial pRNFL around the ONH. Evaluation of the RPC has been limited because of the difficulties of imaging these vessels using conventional fluorescein angiography. However, the development of OCTA has facilitated visualization and quantification of the RPC. There have been some recent reports of peripapillary microvascular changes in DM patients [17] [18] [19] . They reported that the RPC density and the pRNFL thickness were significantly decreased in subclinical DR patients when compared with control subjects. There are no established methods of determining the appropriate area for measuring peripapillary microvascular perfusion. These studies used RPC density to measure the peripapillary microvascular perfusion areas in circles with diameters of 3.45-4.5 mm, centered on the disc and 2-mm-diameter circle area centered on the disc was subtracted. Because there was a difference in disc size among individual patients 17, 18 , ONH perfusion might be underestimated. We measured the peripapillary VD and PD in SCP automatically using software, which included both the RPCs and the large retinal vessels around the disc. Thus, it was a mixture of both disc and retinal circulation and not a pure measurement of a single vascular bed. This measurement may be more relevant because it evaluated both the optic nerve and the retinal blood-flow supply in the peripapillary area. Jia et al. 20 found that relatively dense RPC extends as far as 5.5 mm from the disc center, and large area measurement is better for examining the changes in the RPC 21 . so we measured 6 × 6 mm scan area centered on the optic disc, which was wider than that of previous studies.
In our study, patients with both DM and systemic HTN were excluded. Previous studies reported that patients with HTN have decreased macular OCTA parameters compared with controls 22, 23 . It may also affect the www.nature.com/scientificreports www.nature.com/scientificreports/ measurement of the peripapillary OCTA parameters 24 . Vujosevic et al. 19 showed differences in baseline systemic blood pressure between groups. In a study by Rodriques et al. 18 , 83% of the patients had HTN (especially among moderate NPDR: 94.8%), which may have affected the measured values. We tried to determine only the changes of peripapillary microvascular perfusion caused by diabetes, excluding the effect of HTN. www.nature.com/scientificreports www.nature.com/scientificreports/ In our study, the VD and PD values of the peripapillary areas and average inner rings and outer rings in diabetic patients were significantly different from those of control subjects. Previous studies also showed a decrease in RPC density compared with the control group and the no DR group, which was consistent with the results of our study [17] [18] [19] . As the DR severity progressed, the VD and PD of the peripapillary areas and the average of the outer ring had a tendency to decrease, which represented a difference from previous reports. Rodriques et al. 18 reported that there was no difference in annular RPC density according to the severity of DR. Vujosevic et al. 19 . reported that the peripapillary VD in the DR group was significantly smaller than that of the no DR group, but the peripapillary PD did not show a significant difference. Our study analyzed the segmentation of SCP including RPC, but Rodrigues 18 and Vujosevic 19 analyzed RPC only. This difference in segmentation might be the reason for the discrepancies in our results compared with previous studies. And The OCTA image scan size, instrument, and the area of the ONH perfusion boundary differed from previous studies. The HbA1c and duration of diabetes in the no DR and NPDR groups were also different from previous studies. The duration of diabetes in our NPDR group was long, and HbA1C was high compared with previous studies, so these may be more affected, resulting in differences between the no DR and NPDR groups.
Compared with normal controls, the pRNFL thickness in diabetes patients was reduced 25, 26 , and DM is a known risk factor for primary open-angle glaucoma [27] [28] [29] . In our study, the average mGC-IPL thickness, duration of diabetes, and peripapillary VD and PD in SCP were correlated with the pRNFL thickness in diabetic patients. This may be associated with progressive ganglion cells and astrocyte loss due to diabetes, and the long duration of DM would be more likely to show these results.
Using univariate analysis, the peripapillary VD and PD were correlated with the average mGC-IPL and the pRNFL thickness. The pRNFL contains axons of the RGCs that travel from RGC bodies to the optic disc, and the mGC-IPL consists of nuclei and dendrites of the RGCs. This suggests that reduced mGC-IPL and pRNFL thicknesses may be related to peripapillary retinal microcirculation. Multivariate regression analysis showed that the NPDR group was most related to the peripapillary VD and PD, and the no DR group was also related to the peripapillary VD and PD. Regression analysis can only know whether there is an association but not causalities.
This study had some limitations. First, the method of vessel density measurement was different in our study compared with those used in previous studies. We used the vessel density in SCP automatically provided by the software. This software did not differentiate between capillaries and large vessels. However, there is no established method to evaluate the only RPC. Further advances in technology may help to evaluate the capillaries and large vessels separately. Second, smoking habits/history could not be analyzed because it was often absent in medical records. Further study should be needed the effects of smoking on OCTA parameters. Finally, because of the cross-sectional study, it would be difficult to establish cause and effect between pRNFL thinning and decreased peripapillary perfusion. Prospective longitudinal studies should be performed to investigate this temporal relationship.
Our study have several strengths. First, we identified the factors associated with peripapillary microvasculature. Second, we enrolled DM patients without systemic HTN to exclude the additional effects of HTN. Third, we only analyzed good quality OCTA images with SS 9 or higher by excluding low vision, macular edema, and proliferative DR patients, which may have affected the measurement values. Additionally, we measured 6 × 6 mm scan area which was wider than that of previous studies to better understand the changes in peripapillary microvasculature.
In conclusion, peripapillary microvascular parameters in the no DR and NPDR groups were lower than those of normal controls using OCTA. These changes were correlated with the mGC-IPL thickness, the pRNFL Central macular thickness (μm) 0.000 (0.000, 0.000) 0.589
Average mGC-IPL thickness (μm) 0.001 (0.000, 0.001) 0.004 0.000 (−0.001, 0.001) 0.744
Average pRNFL thickness (μm) 0.001 (0.000, 0.001) 0.001 0.000 (0.000, 0.001) 0.188 Table 6 . Univariate and multivariate regression for determining the factors associated with peripapillary area perfusion density. β = regression coefficients; CI = confidential interval; DR = diabetic retinopathy; NPDR = nonproliferative diabetic retinopathy; BCVA = best-corrected visual acuity; LogMAR = logarithm of the minimum angle of resolution; mGC-IPL = macular ganglion cell-inner plexiform layer; pRNFL = peripapillary retinal nerve fiber layer.
thickness, and the no DR and NPDR groups. Changes in peripapillary OCTA parameters may help with understanding the pathophysiology of DM and evaluating a potentially valuable biomarker for patients with subclinical DR.
Methods
Study design. This was a cross-sectional, observational study. We reviewed the medical records of diabetic patients who visited the Retina Clinic of Chungnam National University Hospital for checkups for DR from April 2017 to November 2018. The study protocol was approved by the Institutional Review Board of Chungnam National University Hospital. The requirement for obtaining informed patient consent was waived due to the retrospective nature of the study. The study adhered to the tenets of the Declaration of Helsinki.
participants. Included patients were older than 18 years and diagnosed with type 2 DM, with or without DR (diagnosis was made using a dilated fundus examination and fundus photography, by JYK). The diabetic patients were divided into two groups: a no DR group and a non-proliferative DR (NPDR) group. The NPDR group consisted only of mild to moderate NPDR patients. DR grading was performed according to the International Clinical Classification of Diabetic Retinopathy disease severity scale 30 . Patients with severe NPDR, proliferative DR or diabetic macular edema were excluded. One eye from each participant was included in this study. A single eye was randomly selected if both eyes were eligible. The exclusion criteria were as follows: (1) Normal control subjects without diabetes and with no ophthalmic disease were enrolled as the control group. Among the subjects who visited our clinic for various reasons (health screening checkup, work up for ocular disease, etc.), those who met inclusion and exclusion criteria were enrolled in the study. These patients wanted a comprehensive examination of the cataract, glaucoma, refractive error, other retinal abnormality, etc. In these patients, we performed a comprehensive ophthalmic examinations including OCT, OCTA, and AL.
All patients underwent measurement of their BCVA using a Snellen chart, intraocular pressure (IOP), SE and AL using an IOL master, version 5.0 (Carl Zeiss Meditec, Jena, Germany), slit-lamp biomicroscopy, a dilated fundus examination, SD-OCT, and OCTA.
Spectral domain-optical coherence tomography measurement. SD-OCT examination was performed using Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, USA). The same one experienced examiner performed all imaging. Central macular thickness (CMT) and mGC-IPL thickness were measured using a macular cube 512 × 128 protocol. The ganglion cell analysis algorithm automatically measured mGC-IPL thickness by identifying the outer boundaries of the RNFL and IPL from the macular cube scan. The average, minimum, and sectoral (superotemporal, superior, superonasal, inferonasal, inferior, inferotemporal) thicknesses of the mGC-IPL are measured in an elliptical annulus (dimensions: vertical inner and outer radius of 0.5 mm and 2.0 mm, horizontal inner and outer radius of 0.6 and 2.4 mm, respectively) around the fovea 31 . Among the values measured by macular scan, CMT and average mGC-IPL were used for analysis. An optic disc cube 200 × 200 protocol was used for pRNFL measurements. This scan a 6 × 6 mm area centered on the disc. and the pRNFL thickness was measured from a circle of diameter 3.46 mm from the center of the optic disc 32 . The average and four-quadrant sector (superior, nasal, inferior, and temporal) thickness were used for pRNFL analysis. We excluded the signal strength (SS) less than 7 or segmentation error, or poor centration. Two images were taken of each patients, of which the greater SS image was chosen. optical coherence tomography angiography measurement. OCTA examination was performed using the Zeiss Cirrus HD-OCT 5000 with AngioPlex, with a wavelength of 840 nm and an A-scan rate of 68KHz. The volumetric scans were processed using optical microangiography (OMAG) algorithms to generate the flow images. The OMAG algorithm analyzes differences in both phase and intensity information from repeated B-scans to quantify motion contrast. The superficial capillary plexus (SCP) was extended from the internal limiting membrane (ILM) to the IPL 33 .
The optic disc centered 6 × 6 mm scan were taken to investigate peripapillary microvasculature. A 6 × 6 mm scan were acquired containing 350 A-scans in each B-scan, and each B-scan is repeated twice at the same location. The vessel density (VD) defined as the total length of perfused vasculature per unit area in a region of measurement, and perfusion density (PD) defined as the total area of perfused vasculature per unit area in a region of measurement. Cirrus OCTA software (ver. 10.0) calculated automatically the value of the SCP according to the Early Treatment of Diabetic Retinopathy Study subfields 33 . The diameters of the three circles were 1, 3, and 6 mm, and each ring was divided into four quadrants. We analyzed the peripapillary VD and PD in SCP of the quadrants of the inner and outer rings, and average of the inner ring and outer ring using a previously described method 34 . We further analyzed the peripapillary area. Peripapillary area was defined as the full area except the central subfield ( Fig. 3) .
Lim et al. 35 reported that OCTA measurements varied with the SS, and at least 9 is recommended. So, We included only images with SS ≥ 9 and without segmentation errors and motion artifacts. Two images were taken of each patients, of which the greater SS image was chosen. 
